Pituitary adenylate cyclase-activating polypeptide (PACAP) exerts neurotrophic activities including modulation of synaptic plasticity and memory, hippocampal neurogenesis, and neuroprotection, most of which are shared with brain-derived neurotrophic factor (BDNF). Therefore, the aim of this study was to compare morphological effects of PACAP and BDNF on primary cultured hippocampal neurons. At days in vitro (DIV) 3, PACAP increased neurite length and number to similar levels by BDNF, but vasoactive intestinal polypeptide showed much lower effects. In addition, PACAP increased axon, but not dendrite, length, and soma size at DIV 3 similarly to BDNF. The PACAP antagonist PACAP6-38 completely blocked the PACAP-induced increase in axon, but not dendrite, length. Interestingly, the BDNF-induced increase in axon length was also inhibited by PACAP6-38, suggesting a mechanism involving PACAP signaling. K252a, a TrkB receptor inhibitor, inhibited axon outgrowth induced by PACAP and BDNF without affecting dendrite length. These results indicate that in primary cultured hippocampal neurons, PACAP shows morphological actions via its cognate receptor PAC 1 , stimulating neurite length and number, and soma size to a comparable extent as BDNF, and that the increase in total neurite length is ascribed to axon outgrowth.
Introduction
Pituitary adenylate cyclase-activating polypeptide (PACAP) is a pleiotropic neuropeptide that acts as a neurotransmitter, neuromodulator, and neurotrophic factor via three heptahelical G protein-coupled receptors: a PACAP-preferring (PAC 1 ) receptor and two vasoactive intestinal polypeptide (VIP)-shared (VPAC 1 and VPAC 2 ) receptors [1] . PACAP is abundantly expressed in the central nervous system from development to adulthood [2] and is involved in the expression of various higher brain functions including synaptic plasticity and memory [3] [4] [5] , and stress-related behavioral responses [6] [7] [8] [9] . PACAP also exerts neurotrophic and neuroprotective activities [10] , such as promotion of neuritogenesis and neurite outgrowth (discussed later), neuroprotection from ischemic insults in the brain [11] and retina [12] , and survival of newborn hippocampal neurons generated by enriched environment stimulation in vivo [13] .
Interestingly, the above mentioned actions of PACAP are mostly shared with neurotrophins such as brain-derived neurotrophic factor (BDNF) [14] . It has been shown that chronic stress dramatically increases PACAP and PAC 1 receptor, and BDNF and TrkB receptor mRNA expression in the dorsolateral bed nucleus of the stria terminalis (BNST) [6] , a nucleus known to mediate chronic stress responses associated with enhanced BNST dendritic branching and volume [15] . This suggests that trophic functions of PACAP and its coordinate effects with chronic stress-induced BNST BDNF and TrkB transcript expression, may underlie maladaptive BNST remodeling and plasticity associated with stress induced behavioral changes [6, 16] . Recently, we demonstrated in PACAP-deficient mice that an enriched environment restores behavioral abnormalities [17] , and that the survival rate of newly generated hippocampal neurons under enriched rearing decreases while proliferation is normal [13] . Additionally, the increase of BDNF levels in the hippocampus induced by enriched rearing is not affected in PACAP-deficient mice (our unpublished observation). These findings suggest that PACAP signaling is critically involved in neuroplastic changes responsible for environmental stimuli that are at least partly mediated via cytoarchitectural changes, either in cooperation with, or independently of, BDNF signaling.
The neuritogenic activities of PACAP, determined by total neurite length and/or percentage of neurite-bearing cells, are well documented in PC12 [18, 19] , SH-SY5Y [20] , embryonic stem [21] , primary cortical precursor [22] , cerebellar granule [23] , and dorsal root ganglion [24] cells. Recent comprehensive morphological studies in PC12 cells also showed that PACAP increases neurite number per cell, number of branch points per neurite [25] , and median cell diameter [26] . However, an inhibitory action of PACAP on increased dendritic length and number elicited by bone morphogenic protein (BMP)-7 was also reported in cultured postganglionic sympathetic neurons [27] . In cultured hippocampal neurons, recent studies show that PACAP increases neurite length during the first 2 days in vitro (DIV) [28] , and in neurons cultured for 12-14 DIV [29] , but an earlier report found that PACAP does not affect the number of dendrites and branches in neurons at 2 DIV [30] , suggesting that PACAP exerts complex effects during developmental neuritogenesis. In vivo, it has been shown that PACAP-deficient mice exhibit abnormal axonal arborization in the subgranular zone of the dentate gyrus, which is ascribed to elevated expression of stathmin 1 that interacts with tubulin and destabilizes microtubules [31] .
Cultured hippocampal neurons are a good model to address sequential development of mature neurons [32] . In these cells, five morphological steps are defined: a lamellipodia extension around the cell body (Stage I); an establishment of several, and apparently identical, processes (Stage II); the extension of one of the processes as an axon (Stage III); the elongation of the remaining processes as dendrites (Stage IV); and finally, the maturation (elongation and branching) of the axon and dendrites (Stage V) [33] . Using this model, BDNF has been shown to exert multiple promotive effects on development and maturation of axons and dendrites [34] [35] [36] .
In the present study, we aimed to examine the detailed morphological effects of PACAP during development in vitro, and compared them with BDNF in primary cultured hippocampal neurons.
Materials and Methods

Cell culture and reagent treatment
All animal care and handling procedures were performed in accordance with protocols approved by the Animal Care and Use Committee of the Graduate School of Pharmaceutical Sciences, Osaka University. Primary cultures of hippocampal neurons were prepared as described [37] , with minor modifications. Hippocampi were collected from E15-17 fetuses obtained from pregnant mothers (ICR strain; Japan SLC, Kyoto, Japan), incubated with 0.02% EDTA for 15 min at 37°C, and dissociated by repeated trituration with a pipette. Cells were plated in Neurobasal medium (Life Technologies, Carlsbad, CA, USA) supplemented with B27 (2%; Life Technologies), L-glutamine (2 mM), 100 U/ml penicillin, and 0.1 mg/ml streptomycin (all from Nacalai Tesque, Kyoto, Japan), at 2. 
Immunocytochemistry
The procedure was essentially as described previously [37] . Briefly, cells were fixed with 4% paraformaldehyde, permeabilized with 0.3% Triton X-100, incubated with a rabbit polyclonal anti-MAP2 antibody (1:200; Millipore Japan, Osaka, Japan) and a mouse monoclonal anti-phosphoneurofilament (pNF) antibody (1:250; Covance Japan, Tokyo, Japan), and with species-specific fluorophore-conjugated secondary antibodies (1:1000; Alexa 488-conjugated anti-rabbit IgG and Alexa 594-conjugated anti-mouse IgG; Molecular Probes, Tokyo, Japan). Fluorescent images were captured using a BIO-REVO BZ-9000 fluorescence microscope (Keyence, Osaka, Japan).
Morphological analysis
Total neurite length and neurite number per neuron were determined by manual tracing. Axon and dendrite length, soma size, number of primary neurites (which emerge from the soma and often split into more than one neurite segment) per neuron were determined for each individual cell using the BIO-REVO analysis platform (Keyence).
Statistical analysis
Statistical analyses were performed using Statview (SAS Institute Japan Ltd., Tokyo, Japan), and significant differences determined by one-or two-way ANOVA followed by TukeyKramer tests. The threshold for statistical significance was defined as P < 0.05.
Results
PACAP and BDNF comparably increase total neurite length and number of total and primary neurites
A recent study conducted on primary cultured hippocampal neurons found that exogenous PACAP dose-dependently increases the ratio of neurite length to soma size during the first 2 DIV [28] . In accordance with this, we observed increased total neurite length with PACAP treatment for 2 to 3 DIV in primary cultured hippocampal neurons (Fig. 1A, B) . Moreover, quantitative analysis showed that 10 -10 to 10 -6 M PACAP dose-dependently increased not only total neurite length, but also total and primary neurite number, while VIP had much lower effects ( Fig. 1C-E) . A sub-maximal PACAP dose (10 nM; Fig. 1C ) increased total neurite length to a similar extent as BDNF (2 nM), but no significant additive effects were observed after cotreatment with PACAP and BDNF (Fig. 1B) .
Time-course analysis on the morphological effects of PACAP
A time-course analysis on the morphological effects of PACAP during early culture period (DIV 1-3) was performed and compared with BDNF (Fig. 2) . PACAP increased total neurite length, total and primary neurite number at DIV 3, while BDNF showed significant effects from as early as DIV 2 ( Fig. 2A-C) . PACAP induced a transient increase in soma size at DIV 1 through 3, while BDNF showed a similar effect at DIV 3 only (Fig. 2D) . PACAP and BDNF comparably increase axon, but not dendrite, length
Because PACAP increased neurite outgrowth to a comparable extent to BDNF at DIV 3, and as neuronal polarization (axon emergence) is clearly seen around DIV 2 and 3 in rat hippocampal cell cultures [33] , we next examined the effect of PACAP on pNF-positive neurites (axons) and MAP2-positive and pNF-negative neurites (dendrites) separately ( Fig. 3 and S1  Fig.) . At DIV 3, almost all neurons bore a single pNF-immunoreactive axon, together with a few MAP2-immunoreactive neurites (Fig. 3A) . Quantitative analysis showed that PACAP (10 nM) significantly increased axon length, comparable to BDNF (2 nM; Fig. 3B ). Neither PACAP nor BDNF significantly changed dendrite outgrowth at least during the first 3 DIV (Fig. 3C) . Total neurite length (calculated as a total of axonal and dendritic length) was increased in neurons treated with PACAP or BDNF for 3 DIV (both P < 0.01 vs. control; control, 214 ± 9; PACAP, 260 ± 10; BDNF, 294 ± 11). These results suggest that PACAP and BDNF elicit a comparable stimulatory effect on neurite length which is ascribed to axon elongation. PACAP-and BDNF-enhanced axon outgrowth is blocked by the PACAP antagonist PACAP6-38
The observation that VIP had much lower effects on neurite outgrowth than PACAP suggests that the observed effects of PACAP is mediated via PACAP-preferring PAC 1 receptor but not VIP-shared VPAC 1 or VPAC 2 receptor. In agreement with this, the PACAP antagonist PACAP6-38 completely blocked the PACAP-induced increase in axon length, but it showed no effect on axon length of control cultures or dendrite length (Fig. 4) . Interestingly, the BDNF-induced increase in axon outgrowth was also inhibited by PACAP6-38, suggesting a mechanism involving PACAP signaling (Fig. 4) .
The TrkB receptor inhibitor K252a strongly inhibited axon, but not dendrite, outgrowth induced by PACAP and BDNF
In order to address if PACAP shows morphogenic effects under inhibition of TrkB, a BDNF receptor, we examined the effect of K252a on neurite outgrowth (Fig. 5 ). K252a markedly decreased axon length in the neurons treated with PACAP or BDNF (Fig. 5A, B) . However, K252a also inhibited axon length of control cultures. In contrast, K252a did not affect dendrite length (Fig. 5A, C) .
Discussion
In the present study, we addressed the morphological effects of PACAP during early in vitro development of primary cultured hippocampal neurons, by comparing with BDNF. We found that PACAP increases neurite length, which is specifically due to increased axon, but not dendrite, length, and total and primary neurite number and soma size. These effects of PACAP were mostly comparable to BDNF. The PACAP antagonist PACAP6-38 completely blocked both the PACAP-and BDNF-induced increase in axon length, but not dendrite length, indicating that PACAP shows morphological actions via PAC 1 receptors and that PACAP signaling might be involved in the BDNF-induced axon outgrowth.
Previous studies in immortalized cell lines have indicated that PACAP has a uniform stimulating effect on various morphological features including total neurite length, total neurite number, extent of branching, and soma size [25, 26] . In primary cultured neurons, lack of a stimulatory effect on neurite number was also reported [27, 30] . In the present study on primary cultured hippocampal neurons, our observation of a stimulatory effect of PACAP on total neurite outgrowth (total neurite length) is in accordance with recent reports [28, 29] . Additionally, we showed that the PACAP-induced increase in total neurite length is ascribed to increased axon, but not dendrite, length, as well as that PACAP increases axon outgrowth, total and primary neurite number, and soma size to a similar extent as BDNF. Henle et al. have shown that PACAP does not change the number of dendrites and branches, but reduces elimination of newly formed dendrites and branches caused by NMDA in Stage III hippocampal neurons [30] . It has also been reported that overexpression of full-length TrkB, a BDNF receptor, induces many primary neurites, whereas an alternative Trk receptor isoform (T1) induces net elongation of distal neurites [38] . Although few studies have been performed to address the precise effects of neurotrophic factors on developmental stage-specific regulation of neurite outgrowth, the fact that PACAP enhances axon and neurite outgrowth suggests a distinct property of PACAP on neurite outgrowth.
In the present study, we could conduct morphological analyses of primary cultured hippocampal neurons at DIV 1 through DIV 3 only because pNF-immunoreactive axons elongate and branch vigorously at later DIV and were difficult to be quantified morphologically. To overcome this problem, neurons have to be plated at lower densities and dispersed enough that each neurite can be imaged separately, although different plating densities may affect cell phenotypic properties. Alternatively, transfection of fluorescent proteins with limited efficiency will be a good solution. We plan to address this issue in our future research. In our preliminary study, we conducted immunostaining only for MAP2 which could address dendrite arborization at later DIV because axons become MAP2 negative after polarization, and examined the effect of PACAP and BDNF on neurons after polarization by treating cultures from DIV 4 to 7. We observed that PACAP and BDNF increased dendrite length to a similar extent (data not shown). This result may suggest that PACAP and BDNF show developmental stage-dependent effects on axons and dendrites, although further study is clearly necessary.
The present observations that K252a inhibited axon outgrowth in the cultures treated with PACAP and BDNF but also in control cultures may not necessarily mean that K252a showed a nonspecific effect because the inhibitor did not affect dendrite length. Previous studies have shown interaction or crosstalk between PACAP and BDNF signaling pathways. In primary cultured hippocampal neurons, PACAP increases BDNF expression via the scaffolding protein, RACK1 [39] , and similar to BDNF activation, PACAP induces an increase in phosphorylated TrkB receptors, albeit over a longer time course [40] . It has also been shown in cultured cortical precursor cells that TrkB-immunoreactive cells are increased by PACAP [22] , while in mice deficient for the PACAP receptor, PAC 1 , BDNF transcript expression is reduced in the hippocampal CA3 region and dentate gyrus [41] . Dong et al. have shown that PACAP induces BDNF mRNA expression, which is inhibited by PACAP6-38 or APV, an antagonist for Nmethyl-D-aspartate receptors (NMDA-R) in cultured rat cortical neurons [42] . Previously, we showed in PC12 cells that PACAP activates Rac1, a small GTPase involved in neurite outgrowth, and acts in synergy with NGF to induce prolonged activation of ERK1/2 and neurite outgrowth [18, 43] . Furthermore, we found that NGF and PACAP synergistically enhance PACAP gene transcription, and that the effect of NGF is inhibited by PACAP6-38 [44] . In the present study, we showed that the BDNF-induced increase in axon outgrowth was inhibited by PACAP6-38, suggesting a mechanism involving PACAP signaling in the BDNF action. These findings taken together suggest that mutual interaction between G protein-coupled PAC 1 receptor and Trk neurotrophin receptor signaling may underlie the robust neurite outgrowth action of PACAP.
The involvement of PACAP in hippocampus-dependent learning and memory is plausible. Mutant mice with either complete or forebrain-specific inactivation of PAC 1 receptor show a deficit in contextual fear conditioning, a hippocampus-dependent associative learning paradigm, and an impairment of long-term potentiation (LTP) at mossy fiber-CA3 synapses [45] . We previously observed that PAC 1 receptor exon 2-deficient mice [46] and heterozygous PACAP-deficient mice [47] show an impairment of LTP in the dentate gyrus [4] . It would be intriguing to examine whether intrahippocampal injection of PACAP or a conditionally active PACAP transgene improves memory function.
There is a growing body of evidence implicating PACAP signaling in biological vulnerability to certain psychiatric disorders and stress-related psychopathology. We previously showed that PACAP-deficient mice exhibit remarkable behavioral changes related to psychosis and depression, impairments in memory retention and pre-pulse inhibition [47] [48] [49] [50] [51] [52] . We also observed an association between schizophrenia and single nucleotide polymorphisms in the genes for PACAP and the PAC 1 receptor, as well as an association between the genetic variant of the PACAP gene and reduced hippocampal volume and impaired memory performance in schizophrenia [53] . Additionally, a copy number gain in the PACAP gene due to a partial trisomy has been shown to cause severe mental retardation [54] , and multiplication of the gene for VPAC2, a common VIP and PACAP receptor, is associated with schizophrenia [55] . Furthermore, a sex-specific link between PAC 1 and post-traumatic stress disorder was demonstrated [56] . As already discussed in the Introduction, Hammack et al. have suggested that trophic functions of PACAP and its coordinate effects with chronic stress-induced BDNF and TrkB transcript expression in the BNST may underlie maladaptive BNST remodeling and plasticity associated with stress induced behavioral changes [6, 16] . These studies provide convergent evidence for psychiatric implications of the PACAP signaling system; however, the underlying mechanisms remain to be elucidated.
Psychiatric disorders are postulated to be associated with neuroanatomical abnormalities. For example, a reduction in interneuronal neuropil (nerve fibers and branches, and astroglial processes) in the prefrontal cortex has been proposed as a prominent cortical pathological feature of schizophrenia, the so-called "reduced neuropil hypothesis" [57] . Brain imaging studies show not only global anatomical but also functional abnormalities. Most of the neurological disorders associated with alterations in cognition, emotion, and memory loss are often caused by altered synaptic connectivity and plasticity [58] . We previously reported that in primary cultured hippocampal neurons, PACAP regulates an interaction between disrupted-in-schizophrenia 1 (DISC1), a strong candidate gene for schizophrenia, and the central nervous systemspecific DISC1-binding zinc finger protein (DBZ) that is involved in neurite extension [59] . Furthermore, it has been shown that PACAP-induced neuritogenesis depends on up-regulation of Egr1 expression [26] , a member of the EGR gene family involved in regulation of synaptic plasticity, learning, and memory, and implicated in schizophrenia pathogenesis [60] . Thus, a variety of evidence suggests that the morphoregulatory effects of PACAP signaling, either by itself or with Trk neurotrophin signaling, may be implicated in both nervous system development and psychiatric disorders.
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